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CLASSIFICATION OF SOLAR FLARES AND

* RELATIONSHIP BETWEEN THE FIRST AND SECOND PHASES

T. Bai

Center for Space Science and Astrophysics, Stanford University

ABSTRACT

A large data base on solar flares obtained during the last solar maximum

years makes it necessary to revise our views on the relationship between the

impulsive phase and the second phase of flares. Contrary to the view most

popular before the launch of the Solar Mazimum Mission, we now know that

relativistic electrons and 7/ray/producing protons and ions are accelerated during

the impulsive phase. Because flares producing nuclear y rays are different from

ordinary flares, I conclude that additional processes take place in 'T"rayline flares.

In my recent studies I have shown that flares with gradual hard X-ray time profiles

not only produce nuclear J rays during the impulsive phase but also develop full-

fledged second-phase phenomena. 4-eropaeethat filament eruption plays a key

.. ,., role in -ray-line flares. When an erupting filament interacts with an overlying

flare loop, relativistic electrons and energetic protons are produced during the

* , impulsive phase. When the erupting filament fully distends the overlying flare loop,

full-fledged second-phase phenomena, such as shocks, interplanetary energetic

particles, mass ejections and etc. are observed. When the overlying flare loop is
CL

* compact and strong enough to supress the activated filament, 7-rays are emitted

during the first phase but no second/phase phenomena occur.
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INTRODUCTION

During some flares, several minutes after the initial impulsive energy release,

additional energy release is obse. The additional energy release is evidenced

by type II and type IV radio bursts. Type II emission has L een interpreted as being

'-" -" due to relativistic electrons accelerated by shock waves propagating in the corona.

Several hours after flares producing metric type II bursts, polar cap absorptions

(PCAs), which are due to energetic protons, are often observed. Because of high

correlations of PCAs or ground-level events (GLE) with type II and type IV radio

bursts, it was proposed that energetic protons as well as relativistic electrons are

Vaccelerated during the second phase of fla_o /1,2/. As opposed to the second

phase, we may call the period of impulsive energy release first phase. Therefore,

the terms impulsive phase and first phase can be used interchangeably. However,

the terms gradual phase and second phase should not be used interchangeably.

Virtually all flares have a gradual phase, but only a small fraction of flares exhibit

a second phase.

After above-mentioned papers, more works showing good association between.4

type II or type I" radio bursts with interplanetary solar energetic particles have

been performed /3,4/, and references therein/, and attempts have been made to

interpret hard X-ray and I-ray observations of various flares in terms of two phases

of acceleration by many researchers /5,6,7,S/. The concept of two acceleration

lilases was fully accepted in a textbook on solar flares /4/, and it has become a
canonical view in a Skylab Workshop moilograph on solar flares /9,10/.

4-- The concept of two phases of acceleration has been widely accepted to a

" degree that it can be called a paradigm. Before discussing new observations in

conflict with the old para(lign-, let us summarize the canonical view of the old

W'. ~paradigm of two plhases of acceleration.
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(1) There exists two phases of acceleration in some flares: first and second phases.

(2) During the first phase, electrons are rapidly accelerated up to about 200 keV.

But during this phase electrons are not accelerated to relativistic cnrgieps,

nor are protons accelerated to energies above MeV.

(3) In some flares, a second phase of acceleration takes place. During the

second phase, relativistic electrons and protons with energies above NIeV

are accelerated in the corona by shocks. These electrons produce type II and

type IV radio bursts, and these protons propagates into interplanetary space

and arrive at the Earth to cause PCAs and GLEs.

(4) Energy released in the first phase causes the second phase. Wild, Smerd,

and Weiss /1/ proposed that an unspecified explosion occurring in the lower

solar atmosphere during the first phase propagate outward to produce shocks

in the corona. Lin and Hudson /11/ proposed that a thermal explosion due

to rapid energy deposit in the chromosphere by electrons accelerated during

the first phase produces shock waves.

CHALLENGE TO THE OLD PARADIGM

Now let us discuss recent observations which cannot be readily explained

with the old paradigm summarized above. First, observations made with HEA 0 1,

HEAO 3, and SMM made'it clear that protons and ions as well as electrons are

rapidly accelerated to energies above MeV/nucleon during the impulsive (first)

phase /12,13,14,15,16/. Although, this was first noticed from observations of

lHEA 0 1 and 1lEA 0 2, SMM GRS observations of many -t-ray-line flares brought
this point to us with a full impact. These observations are in contradiction with the

old view that relativistic electrons and protons above MeV are only acceh'rated

diring the second phase. Because of these observations, some researchers evi'
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expressed doubts on the reality (or necessity) of the second-phiase acceleration

/S,14,16/. Even if we do not deny the reality of the second-phase acceleration,

.-we do not know how to put the first-phase acceleration of relativistic electrons

and protons above MeV within the old paradigm. One view is that all flares

accelerate relativistic electrons and protons above MeV during the impulsive

phase /15,.6/. An alternative view is that during only a small fraction of flares

relativistic electrons and protons above MeV are accelerated during the first phase

/17,1S,19,20,21,22/.
'P Second, another challenge to the old paradigm is that the first phase is

not likely to be the cause of the second phase. This point was first raised by

careful studies of energetics of a vell-observed two-ribbon flare of 1973 September

5 (Apendix A., B of /10/). It was shown that energies involved with mass motions

(second-phase phenomena) far exceed the total radiative energy observed during

the first phase. It was also shown /23/ that some flares producing large fluxes
of interplanetary energetic protons (secox d- phase acceleration) exhibit very weak

impulsive- phase radiations (nicrowaves and hard X-rays). Furthermore, according

to the thermal explosion model of Lin and Hudson /11/, flares with a rapid

energy deposit by energetic electroiLs in small chromospheric areas are likely to

develop second-phase phenomeia. However, flares with full-fledged second-phase

phenomena show opposite characteristics: such flares show gradual hard X-ray

time profiles, large 11o areas, and hard X-ray emission in the corona (cf. /21/).

A NEW PARADIGM:

* DIFFERENT CLASSES OF FLARE AND ASSOCIATED PHENOMENA

It has been cont rversial since the early days of SlIM /15,18/ whether only

certain flares accelerate -;-ray-produciiig protons during the first phase or whether

4
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all flares do so and only the threshold of the -rav detector (list inguiishes y-ray-I
line (GILL) flares from the rest. In order to convincingly show that one group

of flares are different from others and belong to a separate class, one has to

study systematically man' aspects of large numbers of flares. That is precisely

what one of my colleagues and I have done in our recent studies /20,21/. I have

d. systematically studied various properties of all the 17 GIlL flares observed in thet

1930-1931 period, 23 gradual 7-ray/proton (GR/P) flares observed during 1930

1932. and, as a comparison group, 29 intense hard X-ray flares (peak HXRBS rates

" greater than 10000 counts s- ) but without detectable nuclear a-rays (cf. Tables

1-3 of /21/). Additionally, hard X-ray spectral indices of all the 1930- 1931 flares02
with peak HXR.BS rates above 1000 counts s-1 were included in the studV. Basedt

on such studies, I have concluded that Gil/P flares share common characteristics

which distinguish them from other flares.

V.Characteristics of GR/P flares are summarized in Table 1. The first four

characteristics are common to both impulsive and gradual GR/P flares. Gradual

GR/P flares exhibit additional characteristics not shared by impulsive GR/P flares

(No. 5-17 of Table 1). Among the differences between impulsive and gradual

SR/P fLres, fundamental differences are in that gradual GR/P flares exhibit full-

fledged second-phase phehomena while impulsive G/P flares no second-phase

phenomena other than coronal type II and type IV radio bursts. Impulsive GR/P

flares often produce type II and type IN" radio bursts, which indicate production of

coronal shocks, but the coronal shocks produced by impulsive GR/P flares (10 not

develop into interplanetary shocks. (Note that Mlaxwell and Dryer/2-1/ proposed

that there may be two types of coronIal shocks: blast wave shocks and piston-

driven bow shocks.) The differences let ween impulsive and gra(lul GR/P flares

.55
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regarding first-phase phenonena are not of fundamental nature but stei from

larger spatial and temporal scales of gradual GR/P flares.

What I call gradual GR/P flares here have been recognized as constituting_

a separate class from various observational aspects. From Ha proi)erties they

are called two-ribbon flares; from soft X-ray time profiles, long-decay events

(LDE): from Skylab soft X-ray imaging observations, diffuse X-ray flares; from
accelration of energetic protons detected in interplanetary space, proton flares:

ai(l from coronal emission of hard X-rays, coronal hard X-ray flares /-1,21,25,

* - antI references therein/. And correlations between various aspects of these ftarc.

have been studied by many researchers /4,21,25/. My unique contirbutiois from

* 1 analyses of SMM observations to the understanding of gradual GR/P flares are

(1) their production of nuclear I rays during the first phase, (2) their uniqe
characteristics appearing in hard X-ray emission (first phase phenomenon), and

(3) relationship between proton acceleration during the first phase and secon(l-

phase acceleration (which will be discussed below). t'ollowing Tanaka /26/, I

divide non-GR/P flares into thermal and nonthermal hard X-ray flares. I have

found that none of the SMM flares observed in 1980 with hard X-ray spectral

indices greater than 6.5 (most likely thermal hard X-ray flares) produced type II

or type IV bursts. Mainly based on Hfinotori hard X-ray imging and spectral

* data, Tanaka /26/ classified flares into type A (thermal hard X-ray) flares, type

B (nonthermal hard X-ray flares), and type C (coronal hard X-ray) flares. Type

C flares correspond to gradual GR/P flares of my classification, and type A flares

are obviously thermal hard X-ray flares. Type B flares correspond to impulsive

G/P flares and nonthermal hard X-ray flares. Tanaka /26/ did not perflii
*% .

V." a systematic study of various propIertiVs of a large muniber of flares to be ab le to

ntis e, resolve differences betweemn impulsive GR/P flares and mion-GR/P flares. Jlowever,
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his study added new information that gradual GR/P flares emnit hard X-rays from

high in the corona ( : lO9 cm).

1n Table 2, flare classes and their characteistics are listedl accord ing to the

first and second phase phenomena. Ve can see that only gradlual GB/P flares

develop full-fledged second-phase phenomena.

Now that we have classified flares and attendant proIperties, let us (lisClI s

what processes make Gil/P flares different from others. 'MIany researchers havehirecognized the importance of filament eruption in gradual GB/P flares (i.e.. two-

ribbon flares, proton flares, LDE flares) (e.g., /4,27,2S/). Full eruption of filamnents

causes shocks (which in turn accelerate second-phase particles), mnass ejections,, and

* ~ long-decay soft X-ray events by slow reconnection of magnetic fields dlistended by

an erupting filament, and spreading two-ribbon flares /2S,20/. Blut the first three

characteristics of graudual Gil/P flares in Table 1 (which are in common wvith

impulsive Gil/P flares) have not been explained so far with an erupting-filament,

model. (They have been found only after the launch of 5MMJ.) I propose the

followving. When an erupting filament pushes ain ovyn g flaelopvlet,

shock waves and tublulence develop within the flare loop, and they- in turn

accelerate electrons and protons further (this process has been called "second-step

acceleration" / 17,18,21/). Dutring impulsive Gil/P flares an activated filamient

interacts with the overlying flare loop and the seconid-step acceleration takes place,

resulting in -f-rays, flat hard X-ray spectra, and soft -hard-hiarder b~ehiavior of hard

X-ray spectra. While in gradual Gil/P flares the eruplting filamient distends fully-

overlying flare loops to cause reconnection at the neutral sheet and full-fledged

* ~secondl-lmase phienomnena /28/, iniplieGi/P flares the overlying flare( 1001p is

* . r~~at her low and its magnetic field is trigeogh to p~revent thle eriijt ing filamnent

from dis tending the overlying field. Therefore, in impulsive Gil/P flares which are

A: . , - .C=. 7 . . ,- - , .2 - . -. - -
"
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known to be compact in spatial scales, full-fledged scconld-Iplilse ph(icloillenla do(

:'Q not dlevelop. Following this scenario, then in non-G R/P flares filaniieixts are not

activated or eveni if they are, they do not play anii 1portaInt, role.
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TABLE 1 Impulsive and Gradual Gamma-Ray/Proton Flares

Impulsive Gradual

.-. .No. Categories Flares Flares Comna 'ii! s

I Nuclear - rays Yes Yes

2 H...spectrum Hardm5 3.3) Hard ((5) '~3.5)

3 H.X.R. spectral hardening Sonie (6 of 13) Yes (22 of 23)a

4 Association with type II or IX" Good (9 of 13) Good (20 of 23) a

5 High-energy delay Short (<4 s) Long (> 8 s) b

6 H.X.R. spike duration < 90 s > 90 sb

" 7 H.X.R. total duration < 10 rin > 10 nin b

8 Soft X-ray duration < 1 hour > 1 hour b

9 Ho a. ea Small Large b

10 Loop height Low (< 109 cm) High (> 109 cm ) 6

11 Microwave richness induxd < 1.0 > 1.0

12 Average type II duration 14 mill 25 rin 6

- o13 Proton ratio (I.P./ ray) Small (< 1) Large (> 1)

14 Interplanetary shock No Yes b

15 Coronal mass ejection Sonie Yes

16 [r1p] ratio Large Normal

17 I.P. proton flux decay RIapid (hours)< Slow (days)
Common to both impulsive and gradual GR/P flares.

, iii iisive, and gradual GR/P flares are different in these properties.

M(stly < 30 s.

M ticrowave to hard X-ray peak flux ratio. For definition, see referenc/21/.

Only a small fraction of illpulsive GR/P flares produce detectable I.P. en-'rg( ic

vP rticcs.
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TAB 21 F::- P~v ;1,ld S I:l;t:, lifr1!1 ; In Differenit Classes of Flare-(

F-:~ S econIll I) lise

\(:lrU~t .i-* ~''ori 1 xi II i'a(lo 1I'sts

Coonl socks. I.P. shlock,>

Nuirar ia ~>-I. P. (ier-(t ic part ic les

1! X hI 1 : Crotial mnass ('J&Ctiofl5

Flat la:ird X i - ** . L(1,-(lcav Soft XNyeasii

Ty. II livi bi i-P F

Relat iV5tic electrnu JR 11 .ct l K Typ)e IV raiio buirsts

Energetic lprotohls 111(1). 1011 (1-()w ilix I.P. p)IotoIls)

Nuclear rays

Soft-hiardI-harder 1 wlavior of II. N. R. sot

* Flat hard X-ray spcct ra

3.> Nouthermnal Mard X-raiv Flares

Nonrelat ivisti jcelectronls Typ)e 11 radhj buirsts ( raiv

No ravs Tvpr' IV raidio 1)urst rare,

So-Ird-sf l(aio f II. P. Spectra

.rJ S teclp liar-i N-ray spectra
04

4. TL, rinal hlardI X-ray Flat'cs

Thiiil1 elct B ois N type II. Ito typo IV

it



REFERENCES

1. J. P. Wild, S. F. Smerd, and A. A. Weiss 1963, Ann. Rev. Astron. Astrophy.,.,

1,291.

2. C. de Jager 1969, in COSPAR Symp. on Solar Flares and Space Sci. Res., C.

de Jager and Z. Svestka (ed.), (Amsterdam:North Holand), p. 1.

- 3. Z. Svestka and L. Fritzova-Svestkova 1974, Solar Phys., 36, 417.

" 4. Z. Svestka 1976, Solar Flares, (Dordrecht: Reidel), Chap. 4.

5. K. J. Frost and B. R. Dennis 1971, Ap. J., 165. 635.

0I
6. T. Bai and R. Ramaty 1976, Solar Phys., 49, 343.

7. H. S. Hudson 1978, Ap. J., 224, 235.

8. H. S. Hudson, R. P. Lin, and R. T. Stewart 1982, Solar Phys., 75, 245.

9. R. Ramatv et al. 1980, in Solar Flares, (ed. P. A. Sturrock), Chap. 3,

(Colorado Asso. Univ. Press: Boulder).

.. 10. P. A. Sturrock 1980, ed. Solar Flares, (Colorado Associated Univ. Press:

Boulder).

11. R. P. Lin and H. S. Hudson 1976, Solar Phys., 50, 153.

12. H. S. Hudson, T. Bai, D. E. Gruber, J. L. Matteson, P. L. Nolan, and L. E
Peterson 1980, Ap. J. (Letters), 236, L91.

13. T. A. Prince, J. C. Ling, W. A. Mahoney, G. R. Riegler, and A. S. Jacobson

1982, Ap. J. (Letters), 255, L81.

14. G. R. Riegler et al. 1982, Ap. J., 259, 392.

-11



15. E. L. Chupp 1982, in AIP Cof. Proc. 77, R. E. Lirmgenfelter, rt al. (el.),

I.I. (New York: AIP), p.363.

16. E. L. Chupp 1984, Ann Rev. Astrort. A.stroplis.. 22. 359.

17. T. Bai and R. Rainaty 1979, Ap. J., 227. 1072.

' IS. T. Bai 1982, in AlP Conf. Proc. 77, R. E. Lingpenfelter. ct al. ( d. ), ( New
.N

York: AIP), p. 40 9 .

19. T. Bai, H. S. Hudson, R. M. Pelling. B. P. Lin, 1. A. Schwartz. and T. T. v()n

Rosenvinge 19S3b, Ap. J., 267, 433.

20. T. Bai and B. R. Dennis 1985, Ap. J., 292. 699.

21. T. Bai 1986, Ap. J., 308, 000 (in press).

9. H. Nakajima, T. Kosugi, K. Kai, and S. Enome 19S3, Nature, 305, 292.

23. E. W. Cliver, S. W. Kahler, and P. S. McIntosh 1983, Ap. J., 264, 699.

- 24. A. Maxwell and M. Dryer 1982, Space Sci. Rev., 32, 11.

25. S. W. Kahler 1982, Ap. J., 261, 710.

26. K. Tanaka 19'3, in Activity in Red Dwarf Star.q, 1A U Colloq., 71, 307.

27. S. W. Kahler, E. W.,_Cliver, H. V. Cane, 1. E. McGuire, R. C. Stone, N. R.

* Shcelev, Jr. 1986, Ap. J., 302. 504.

28. P. A. Sturrock, P. IKaufman, R. L. Moor, and D. F. Smith 1984, Solar Phys..

94, 3-11.

"7 29. R. A. IKopp and G. W. Pnieumaii 1976. Solar Phq. . 50. S5.

% % 12

II-re

0? .



'4

4,

'4

4

-U.

I

- - -. ~ .d". W *P.t,~ 4 ~ ~U~C Vy~/~V '~U.


